Abstract
Introduction
Activity monitoring is used to determine the behavioral effects of many experimental factors, including genetic mutations, drug influence, strain differences, brain lesions, disease, etc [1] [2] [3] [4] [5] . To determine the effects of these factors, it is necessary to identify and quantitatively record rodent behaviors that the researcher determines to be relevant. A nearly infinite number of behaviors may be of interest to the researcher, such as overall motion, rearing, grooming, sitting, sleeping, chewing, thigmotaxic travel, and so on [6] . Many measurement methods have been applied to this task, most commonly infrared beam crossing, activity wheel usage, and video tracking. Because video tracking has the advantage of being able to record the actual image of the rodent, it gives the flexibility of allowing both computer and manual classification of behavior patterns, and the ability to return to the data later and examine it for previously ignored behaviors. Examples of established systems developed for video monitoring of rodents are Activity Monitor 5 (MED Associates, Inc.), EthoVision ® (Noldus Information Technology) [7] , and the PhenoScan series (CleverSys, Inc.), and [8, 9] . Other useful examples in the literature, not specifically for rodent tracking, are [10] , which relies on shape differences for identifying object differences, and [11] which demonstrates a method for tracking multiple interacting objects.
Activity monitoring is utilized under either visible light or in the dark. Because research animals are housed in special facilities where environmental conditions (including light levels) can be controlled, convention has led to the identification of "day" and "night" to the "light cycle" and "dark cycle". This is necessary because rodent behavior is altered by light level [12] . Generally, rodents are most active during the dark cycle (for example, [12] and [13] ), this is why many researchers choose to set the rodent's dark cycle to hours during daylight (a "reversed light -dark cycle").
Many types of tracking systems are capable of monitoring during the light cycle. However, tracking in the dark produces difficulties for typical video tracking systems, which are designed for use in visible light conditions [14] . A number of conditions necessitate monitoring of dark cycle behavior, including research on vision [15, 16] and the circadian cycle [12] , therefore it is important to have methods of monitoring during the dark cycle. Because of the benefits of video tracking mentioned, we have developed a video tracking system for behavior monitoring that can operate during both the light and dark cycle, using near-infrared illumination (NIR) for the latter. The position of the rodent is determined using color thresholding combined with motion analysis.
Proposed System
We propose the use of a CCD camera system as shown in Fig. 1 . A IEEE-1394 interface connects the camera to a data-capturing computer, and an adjustable array of visible and infrared LEDs is fixed above the rodent chamber. This array can be switched between white light and NIR illumination for the light and dark cycles, respectively. A CCD camera is relatively inexpensive and the maximum wavelength response of the technology is about 300 nm (UV) to 1100 nm (near infrared) when no IR filter has been installed. This results in a potential illumination range of 750 nm to 1100 nm. The camera used here is the DBK 21F04 from The Imaging Source (Bremen, Germany) and conforms to the DCAM standard, transmitting an image stream to the computer via an IEEE 1394a bus. The DBK 21F04 responds to a wavelength range from < 400 nm to 1000 nm. A photo of the system is shown in Fig. 2 .
Two commonly-available LEDs were tested for suitability -880 nm and 940 nm. It is interesting to note that some humans are capable of seeing into the NIR range (including the author). This serves to emphasize the importance of not overlooking the potential effects of NIR illumination on rodent behavior, since rodents' sensory capacities differ from humans.
Testing Near Infrared Illumination Effects on Rodent Behavior
Because video tracking requires a method of illumination, it is necessary to research the visual range of the rodents examined in order to ensure the illumination is outside that range. Rodents have been observed to have vision into the UV range (wavelengths < 390 nm) [17] , but it has generally been assumed that rodents cannot see in the NIR range ( > 750 nm wavelength) due to the drop-off in visual sensitivity. However, some research has found retinal sensitivity and visual-evoked brain potentials to 936 nm light [18] . Therefore, if NIR illumination is to be used, it is necessary to examine its effects on behavior, if any. Since visible light suppresses locomotor activity when presented during the dark cycle ("night") in rodents [8, 9, 10] , our hypothesis is that activity under NIR illumination will be significantly greater than behavior under visible light.
To test the effects of NIR on rodent behavior, trials were run using 6 experimentally naïve SpragueDawley rats (Harlan  International) , each approximately 60-90 days old and housed in a reversed 12-hour light-dark cycle. Trials were run in the daytime, during the rats' dark cycle. Each trial consisted of 30 minutes spent in a standard open field activity monitoring chamber (MED Associates, Georgia VT USA).
The activity was evaluated quantitatively for distance traveled, average velocity, and time spent resting.
Tracking Algorithm
The tracking algorithm utilizes color-threshold and image subtraction based algorithms. They are detailed as follows.
Tracking During the Dark Cycle
Several methods were examined for locating the mouse -color thresholding, image subtraction, and texture analysis. The algorithm used here relies most strongly on color thresholding. Color thresholding was very effective when the mouse coat color was of a Activity Monitoring System for Rodents
Fig. 2. Photo of Activity Monitoring System
high contrast to the bedding (e. g. black coat on tan wood chip bedding). However, we found that for light of either 880 nm or 940 nm wavelengths, the infrared reflectance of a "white" mouse did not have a noticeably different color from the wood chip bedding. Therefore, a system using only color thresholding was limited to rodents with a coat color of high contrast to the background. This can be accomplished by using black rodents with woodchip bedding, or a solid gray colored base in the chamber. For image subtraction, a simple background snapshot was inadequate due to rodent tendency to dig and move bedding. A time-shifted image subtraction algorithm which subtracted the previously captured frame encountered the same difficulties as the color analysis because of the similarity in color between the white mouse and the bedding. Texture analysis initially held great promise, since the wood chip bedding had a great deal of texture variance and the white mice had very smooth coats. However, using a matrix-based edge extraction operation (such as a Laplacian function, as seen in [20] ) slowed the computer processing to unacceptable levels. A fast processor ( > than 2 GHz) would be necessary to implement such an algorithm.
The algorithm shown in Fig. 3 was used to locate the rodent. Because of the monochromatic light used for the NIR illumination, RGB information transmitted by the camera could be ignored and the intensity of each pixel could be used for the threshold. To reduce noise, the surrounding area of the pixel was also examined, where P is the intensity of the pixel (from 0 = black to 255 = white), and x i and y i are the pixel coordinates. If (1) results in a value less than the threshold, the pixel is marked and i is incremented until all pixels in the frame are checked. The algorithm speed is greatly increased with little or no loss in accuracy when a subsampling of just every 5 th row is checked. If the pixel was below the threshold for a black rodent (typically a value of 65, where 255 was white and 0 is black), a count was started to determine the length of the line. The minimum limit was set to the minimum visible area of the rodent during rearing, the maximum length to 105% of the rodent's length from nose to rump when stretched out. If the line was within minimum and maximum limits, it was drawn on the screen, with the end result being a solid color blob designating the location of the mouse. A square marker was also drawn to indicate the location sent to the tracking program. Establishing minimum limits reduced noise, and maximum limits reduced the chance of the chamber sides being erroneously defined should they be exposed in the tracking region due to rodent burrowing and digging. The rodent's ears tended to be a different color than the threshold criteria, so we compensated for this by defining a distance that had to pass before a verified line was determined to end (the "wait_to_drop_line" variable in Fig. 3 ). This improved marking of the rodent's head. Overall, this resulted in marking of the rodent body with very little noise.
Tracking During the Light Cycle
The light cycle algorithm was adapted from [19] , where an average color vector was calculated for a region and compared to the color of interest. In [19] the algorithm analyzes the color of five regions of fixed relative position for face tracking; since many rodents are of a single color (with the notable exclusion of "hooded rats" which have a dark colored head and a light body), our algorithm only needs to assess one region. In the fixed conditions of laboratory rodent tracking, even hooded rats could be tracked by choosing one of the two body colors. The color of a region R i is determined using the following equation:
where the color pixel P c has intensities of red = r i , green = g i , and blue = b i at location (x,y) in region R i . The size of the region was determined for the input requirements of Activity Monitor, for which the sampling distance of the number of rows and columns is based on the model of chamber that is being used.
The tracking algorithm for the light cycle uses a combination of image subtraction and color matching. The algorithm in Fig. 4 works for both light and dark rodent colors because they both have different spectral reflections from the background in the visible domain.
In this method, a region was first checked for motion. If motion was detected, the color vector was compared to the expected values using a goodness of fit ratio. Goodness of fit was determined as in [19] by calculating the ratio of each pixel color to its expected value:
Where i is the goodness of fit parameter, r i , g i , and b i are the measured color intensities and , , and are the expected color intensities. If the goodness of fit was within acceptable limits, the location was marked. The new point was calculated using: x i = x i -1 +(x i -x i-1 ) * 0.12 and x i = x i -1 +(x i -x i-1 ) * 0.12. This reduced "jumping" and smoothed the tracking of the rodent.
Experiment and Evaluation Results

Effects of NIR Illumination on Rodents
To determine the effects of NIR illumination on rodents, 6 white Sprague-Dawley rats (Harlan International) were tested under visible white light, 880 nm NIR illumination, 940 nm NIR illumination, and a dark condition consisting of no added light. These rats were also concurrently being used in a learning task. To test the results of the algorithms, the rodent behavior for the aforementioned lighting conditions was also run with horizontal IR crossbeams (880 nm) 2 cm above the floor of the chamber to record movement. Since these crossbeams are widely used for tracking and had only 48 LEDs (the overhead illumination used 144 LEDs), it was assumed that the influence of the overhead NIR LEDs would be much greater than those of the crossbeams. The rats were maintained on a 12 hour reversed light/dark cycle (12 hours of light starting at 7pm), and were tested during their dark cycle. The levels of light in the housing room were a maximum of 26 lux of red light during the dark cycle, and a maximum of 100 lux of white florescent light during the light cycle.
The coordinates from the IR crossbeams and the video tracking were both transmitted to an existing rodent tracking analysis program (Activity Monitor 5, MED Associates, Inc.).
The emitted wavelengths of the illumination LEDs were measured using a photospectrometer (OceanOptics model USB2000, Dunedin, Florida). The spectral outputs of these are shown in Fig. 5 , with the characteristics of the white LEDs. The peak measured wavelengths and standard deviations are in Table 1 . The experimental procedure consisted of 30 minutes of placement in an open-field chamber under the light prescribed by the experimental condition. The floor of the chamber was white, and did not contain any bedding. The position of the rats was determined by the blocking of the horizontal NIR beams.
Visual qualitative observation of the trials revealed that the rodents in the white light condition generally suppressed locomotor activity after several minutes, while the other rats would ambulate for the entire time period. This suggests that "masking" [13] is present only for the white light. Thigmotaxis ("hugging the walls", a measure of rodent anxiety) was also elevated, but not significantly. The mean difference in rodent travel velocity between the NIR and white illumination conditions was not significant and the resting time was significantly larger for the white light (Tukey post-hoc test, p < 0.027 for each condition). Quantitative investigation of infrared illumination effects yielded a significant difference in rodent distance traveled between the visible white light and the dark and 940 nm infrared conditions (LSD posthoc test, p< .023 and .033, respectively), as in Table 2 .
It appears from the data that the difference between the means for 880 nm light and white light would reach significance with increased rodent sample size. From these data, it appeared advisable to use the 940 nm illumination for the dark cycle in order to increase the strength of the illumination difference between the light and dark cycles.
These data support the hypotheses that there is a significant difference between behavior in the dark and during the light, and that NIR illumination results in behavior that is not significantly different from dark cycle behavior.
Results for Dark and Light Cycle Tracking
A screen capture from the video program is shown in Fig. 6 for the NIR and white light illumination conditions, with a picture of the Activity Monitor screen for the same lighting condition using the output of the NIR crossbeams. We found that limiting the search area to 1-2 cm from the walls nearly eliminated mouse location error for the video tracking method; the thin line in (a) and (c) shows the boundary of the search area. The body of the mouse is located and filled in with color, and its location (shown with the small square) is transmitted to Activity Monitor. The video output of the camera was noticeably different for the visible illumination condition. However, this difference did not affect the tracking behavior. As can be seen from the figure, overall activity is greatly decreased under visible illumination. Although thigmotaxis appeared greater, it was not significant for the number of subjects (6) used in this study.
Summary
This system builds upon the work of [19] in that it adds an additional measure of position (motion detection) and extends the method to rodent dark cycle tracking, where such a method has not been used before. The motion detection improves the results for this application from those of [19] because it is still computationally simple, and it is capable of running faster by eliminating the need to perform calculations if the rodent is not moving.
The combination of color thresholding and motion analysis proved to be an economical, fast and effective method under daylight conditions for monitoring the location of rodents in an open field environment and a home cage environment. Thresholding was also very fast and effective under NIR illumination when the rodent color was of high contrast to the background.
NIR illumination was sufficient to track a rodent in a homecage when the rodent was of high contrast to the background color. However, rodent fur does not necessarily reflect NIR at the same rate as it reflects visible light. The white mice examined here (BALB/c, Charles River) reflected 880 nm and 940 nm NIR at essentially the same levels as the sawdust bedding (seen qualitatively from the camera, and measured using a photospectrometer), and so another means of distinguishing these mice from the background material appears to be necessary for future research.
